Amidoxime and hydroxamic acid functional groups have comparable chelating ability with synthetic resins, but the synthesis of cellulose fibers bearing amidoxime and hydroxamic acid functional groups using simple and effective strategies have yet to be developed. In this study, a poly(amidoxime-hydroxamic acid) cellulose derivative (pAHA-cellulose) was prepared via free radical polymerization followed by an oximation reaction. A series of microscopic analyses and spectral tests proved that the pAHA-cellulose was covered with uniform amidoxime and hydroxamic acid functional groups. The use of pAHAcellulose towards heavy metal ion removal was investigated and an uptake equilibrium was achieved within 60 min for Cu 2+ and Zn 2+ , and 120 min for Pb 2+ and Cr
Introduction
Water pollution has caused severe ecological problems due to the existence of heavy metal ions, which are non-degradable and tend to bioaccumulate in living organisms by the food chain, leading to toxic and carcinogenic effects. To eliminate heavy metal ions from aquatic streams, numerous physicochemical and biological techniques including chemical oxidation and reduction, adsorption, ion exchange, reverse osmosis, membrane separation and electrochemical treatments have been extensively applied. [1] [2] [3] [4] [5] Among these techniques, adsorption is recognized as the most effective method due to its high selectivity, easy manipulation and environmental issues.
6-10
In practical application, some features such as macroscale, hydrophility, economy and reusability are essential for adsorbents. Cellulose, a naturally occurring polymeric material, has been in focus in recent years due to its low cost, abundant availability, eco-friendliness and biodegradability. Because of its renewable nature, cellulose can promote the cost-effective adsorbents for wastewater treatment. [11] [12] [13] As seen its chemical structure, cellulose is a linear polysaccharide with long chains, which composed of a large amount of b-(1/4)-glycosidic linkages of D-glucose (Fig. 1a) . [14] [15] [16] In a repeating unit of a cellulose molecule, there are methylol groups (-CH 2 OH) at C-6 and hydroxyl groups (-OH) at C-2 and C-3, and many attempts have been made to develop cellulose as a pollutant scavenger through functionalizing cellulose at C-2, 3 or 6.
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Polymeric ligands bearing amidoxime (R-C(NH 2 )]N-OH) or hydroxamic acid (R-C(]O)-NH-OH) functional groups
have long been of interest in removing metal ions from aquatic streams due to their comparable chelating ability with synthetic resins. 17, [21] [22] [23] Furthermore, amidoximated cellulose can act as a nanoreactor to produce nanocomposites with tailored characteristics. 24, 25 Also, amidoxime-reduced metal nanocomposites possess potent antimicrobial functionality.
26
Recently, the team of Cui Yi reported an amidoximefunctionalized carbon electrode for uranium extraction from sea water.
27 Dursun Saraydin et al. reported a poly(hydroxamic acid) hydrogel and its binding properties for uranyl ions.
28
Typical approaches to produce cellulose derivatives containing hydroxamic acid and/or amidoxime groups can be summarized in several categories: (I) the graing the unsaturated esters, acidic amides or acidic anhydrides to the substrate (such as methyl acrylate, acrylamide and triic anhydride), [29] [30] [31] followed by oximation, (II) graing acrylonitrile onto the support, 32, 33 followed by oximation and (III) direct oximation to cyan-containing materials (such as acrylonitrile ber and cyanoethyl materials). 34, 35 To date, most reports have been centralized on the synthesis of cellulosic materials containing only amidoxime or hydroxamic acid functional groups. However, substrates with the co-existence of amidoxime and hydroxamic acid possess more activate sites and coordination sites, contributing to potentially higher adsorbability. Yong Wen et al. 36 fabricated poly(-hydroxamic acid)-poly(amidoxime) chelating cellulose ligands, however, two monomers of methyl acrylate and acrylonitrile were required to gra onto cellulose. Furthermore, some limitations such as various product structures and by-products were inevitably generated. Thus, is valuable to develop the synthesis of chelating cellulose bers bearing amidoxime and hydroxamic acid functional groups using simple and effective strategies.
In this work, we have reported a new poly(amidoximehydroxamic acid) cellulose derivative (pAHA-cellulose) by graing only one monomer. The resultant cellulosic ligand was characterized using a series of microscopic analyses and spectral techniques. The binding properties for heavy metal ions were investigated using batch adsorption experiments with respect to the pH value, initial concentration, contact time, adsorption kinetics, isotherms and regeneration ability.
Experimental
Materials
The cellulose bers used in this work were cotton bers, Yintong Cotton Co., Ltd (Suzhou, China). Ethyl(ethoxymethylene) cyanoacetate (EMCA) was purchased from Sigma-Aldrich (Shanghai, China) and used without further purication. Ammonium cerium nitrate (CAN), nitric acid (HNO 3 
Pretreatment of cellulose bers
Firstly, 5.0 g cellulose bers were boiled in 250 mL of NaOH aqueous solution (2 wt%) for 90 min, then ltered and transferred into 150 mL of NaOH aqueous solution (18 wt%). Aer stirring for 2 h, the bers were ltered again, washed several times with deionized water and dried at 60 C for 3 h to obtain the activated cellulose bers.
Gra copolymerization procedure
In a typical synthesis, 3.0 g of the crushed activated cellulose bers (length #600 mm) and 100 mL of acetone were placed into a three-neck ask, which was equipped with a magnetic stirrer, condenser and N 2 gas inlet. Subsequently, weighted CAN and 10 mL of 0.1 M HNO 3 were added and allowed to react with the cellulose bers at 50 C for 15 min, followed by adding a certain amount of EMCA into the reaction system and kept stirring for 4 h. Upon completion of the reaction, the cellulose-g-EMCA bers were puried using a Soxhlet extractor with acetone for 24 h. Then, they were washed several times with acetone and deionized water to remove the remaining reactants and dried at 60 C to a constant weight. The percentage of graing (G p ) was determined using eqn (1),
where W 1 and W 2 are the weights of original cellulose and cellulose-g-EMCA, respectively.
Synthesis of pAHA-cellulose
2.47 g of NH 2 OH HCl was dissolved into 60 mL of a mixed solution of methanol/water (4 : 1). 1.42 g of NaOH was added to neutralize the HCl and the precipitated NaCl was removed by ltration. The pH of the aqueous medium was adjusted to 10 by adding NaOH solution and the hydroxylamine solution was maintained at a methanol-to-water ratio of 4 : 1. The above prepared hydroxylamine solution was added into a ask containing 2.0 g of cellulose-g-EMCA (G p ¼ 37%) and the oximation reaction was executed at 70 C for 4 h using a condenser. Aer completion of the reaction, the bers were ltered and washed several times with a methanolic solution (methanol : water ¼ 4 : 1). Then, the cellulose bers were treated with 0.1 M HCl in methanolic solution for 10 min. Finally, the product was ltered and washed several times using distilled water, and dried at 60 C to a constant weight to obtain the pAHA-cellulose.
Characterization
The morphology of cellulose bers was studied using eld emission scanning electron microscopy (FE-SEM, S-4800, Hitachi, Japan). Fourier transform infrared spectroscopy (FTIR, Nicolet 5700, Thermo Nicolet, USA) was performed to observe the chemical groups. Surface chemistry analysis was performed using X-ray photoelectron spectroscopy (XPS, Axis Ultra HAS, Shimadzu, Japan). X-ray diffraction studies were performed on an X-ray diffractometer (XRD, Bruker AXS, D8 Advance, Germany). The concentrations of metal ions were tested by inductively coupled plasma atomic emission spectroscopy (ICP-AES, iCAP 6000 DUO, Thermo Scientic, USA).
The adsorption and desorption study of pAHA-cellulose 0.1 g of pAHA-cellulose was soaked into 100 mL of a metal ion solution and the adsorption process was carried out at 30 C with stirring. The adsorption capacity was calculated according to eqn (2), To evaluate the regeneration and reusability, the pAHAcellulose was adsorbed and desorbed repeatedly for ve consecutive cycles. The desorption process was performed in 0.05 M HCl at 30 C with stirring for 4 h. Aer the elution course, the pAHA-cellulose was ltered and washed with deionized water, then dried at 60 C to obtain the regenerated pAHA-cellulose.
Results and discussion
The principle and strategy for the synthesis of pAHA-cellulose
The mechanism of graing on cellulose with vinyl or acrylic monomers has been studied for many years. 17, 19, 37, 38 In this study, cotton cellulose was graed with EMCA via a free-radical initiation method, which involved CAN as an initiator (Fig. 1b) . In the initiation step, the ceric ions (Ce 4+ ) formed a complex with the glucose units in the cotton cellulose and the hydrogen atoms were oxidized accompanied by the reduction of Ce 4+ to Ce
3+
. It followed that bond cleavage occurred on the glycol group of cellulose at the C 2 -C 3 position, generating keto-alcohol free radicals.
15 Then, these cellulosic free radicals could initiate graing with the EMCA monomer containing double bond and gave rise to the propagation reaction to form cellulose-g-EMCA. Subsequently, upon the addition of a hydroxylamine solution, the oximation reaction occurred for the conversion of cyan to the amidoxime group and acrylate to the hydroxamic acid group.
The microstructure of pAHA-cellulose As shown in Fig. 2 , distinct changes in the surface morphology of the cellulose bers can be observed. The raw cellulose shows a basically smooth texture and natural twists on the ber's surface ( Fig. 2a and b) . Aer gra co-polymerization, the natural twists of cellulose-g-EMCA were etched and the graed polymer was embedded in the grooves formed by adjacent natural twists of the cellulose bers ( Fig. 2c and d) . While for pAHA-cellulose, the polymer coating can be clearly seen on the ber's surface ( Fig. 2e and f) . When compared with natural cellulose, the pAHAcellulose surface becomes rough, which increases the specic surface area and is in favor of the attachment of pollutants.
Chemical analysis of pAHA-cellulose
The FTIR spectra of raw cellulose, cellulose-g-EMCA and pAHAcellulose are presented in Fig. 3 In order to further conrm the chemical structure, XPS analysis was carried out as shown in Fig. 4 . When compared with native cellulose (i), a new peak for N 1s was found in the pAHA-cellulose (ii) spectrum, as shown in Fig. 4a . Further analysis of N 1s was carried out in Fig. 4b and three peaks at 398.1, 398.9 and 400.63 eV can be observed, indicating the introduction of N-O, C]N and C-N groups. 39 As for the C 1s spectrum of virgin cellulose, there are two peaks at 284.7 and 285.5 eV in Fig. 4c , which can be attributed to C-C and C-O moieties. While for pAHA-cellulose (Fig. 4d) , three new peaks corresponding to C-N, C]N and C]O groups are introduced, which is consistent with the N 1s region. In short, these results demonstrate the co-existence of the amidoxime and hydroxamic acid functional groups.
XRD analysis of pAHA-cellulose
In order to further determine the change in crystallinity, the XRD patterns of native cellulose and pAHA-cellulose were conducted in Fig. 5 . There is a strong peak at 2q of 22 , 30 C and 4 h). oximation, two additional diffraction peaks appear at 2q of 12.48 and 20.24 , which are assigned to cellulose II. This conversion of crystal texture can be attributed to the activation treatment of the cellulose bers. 15 Furthermore, the intensity of the diffraction peaks weakens remarkably, suggesting the partial destruction of the crystallinity in the bers. This result is in line with the SEM results, conrming that the oximation reaction generates a rough microscopic structure, which will be conducive to the adsorption process.
The effect of pH on adsorption
The effect of pH on the adsorbability of pAHA-cellulose was investigated and the results shown in Fig. 6 A possible chelation mechanism between pAHA-cellulose and the metal ions is illustrated in Fig. 7 . It has been conrmed that pAHA-cellulose possesses amidoxime and hydroxamic acid functional groups. Therefore, when compared with those adsorbents containing only amidoxime or hydroxamic acid groups, pAHA-cellulose possesses more ligands and coordination sites. It can trap more metal ions and then form stable coordination compounds, 21, 32, 33, 40 providing a possibility of improving the adsorption capacity.
Adsorption kinetics
The effect of contact time on the adsorption capacity was evaluated in this study. As shown in Fig. 8a , an equilibrium can be reached at 60 min for Cu 2+ and Zn 2+ , and 120 min for Pb 2+ and Cr 3+ , respectively. In order to describe the pollutant uptake rate during the adsorption process, the experimental data obtained from adsorption behavior was analyzed using two commonly used kinetic models, which were pseudo-rst-order and pseudosecond-order kinetic models. Their expressions are given in eqn (3) and (4),
where Q 1e (mg g À1 ) and Q 2e (mg g À1 ) are the calculated adsorption capacities at equilibrium, and k 1 (min À1 ) and k 2 (g mg À1 min À1 ) denote the rate constants of pseudo-rst-order and pseudo-second-order kinetic models, respectively. 
Adsorption isotherms
In order to investigate the adsorption ability of pAHA-cellulose, adsorption experiments were executed at different initial concentrations. As shown in Fig. 9a , the equilibrium adsorption amounts increase upon increasing the initial concentration of metal ions, which can be attributed to the increasing driving force produced by the concentration gradient.
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In order to describe the interactive behavior between the metal ions and adsorbent, the equilibrium adsorption isotherm models were studied to establish reliable predictive modelling of the adsorption systems. Herein, the Langmuir and Freundlich isotherms are analyzed to investigate the adsorption process. The Langmuir isotherm model assumes that the adsorption occurs at specic homogeneous sites in the adsorbent and with monolayer coverage of the adsorbent surface. The Langmuir equation is expressed by eqn (5),
where Q e (mg g À1 ) and Q max (mg g À1 ) are the equilibrium and maximum adsorption capacities per unit mass of pAHAcellulose, respectively. C e (mg L À1 ) denotes the adsorbate concentration at equilibrium. k L (L mg À1 ) is the Langmuir equilibrium constant related to the energy of the adsorption process. Furthermore, the equilibrium parameter, a dimensionless constant R L , is an essential characteristic of the Langmuir isotherm and can be expressed using eqn (6),
where Table 2 , all the R L values fall between 0 and 1, indicating a favorable adsorption. The Freundlich isotherm, an empirical model, assumes a heterogeneous surface with a non-uniform distribution of adsorption heat over the surface. The model can be expressed by eqn (7) .
where k F and n represent the Freundlich constant and heterogeneity factor calculated from the intercept and slope of the linear equation, respectively. All the isotherm parameters are listed in Table 2 , which reects that the Langmuir isotherm can t the experimental data well with a higher R 2 value (>0.99), favorable R L (0.1534-0.7435) and reasonable Langmuir constant (k L > 0). When compared with the representative studies on the adsorbents containing amidoxime and/or hydroxamic acid functional groups (Table S1 , ESI †), 17, 32, 35, 36, [43] [44] [45] [46] pAHA-cellulose shows an increased adsorption capacity for almost all the metal ions studied. This improved adsorption ability can be due to the coexistence of the amidoxime and hydroxamic acid functional groups, conrming the possible chelation mechanism.
Regeneration of pAHA-cellulose
The regeneration ability is an essential parameter for potential practical application and further analysis of the mechanism of the sorption between the adsorbent and adsorbate. 42 The reusability of pAHA-cellulose was investigated by operating the adsorption-desorption process for ve consecutive cycles and the adsorption amount at each cycle detected. As displayed in Fig. 10 , the equilibrium adsorption capacities for all the metal ions studied can still retain above 86% of their initial amounts in the 5 th regeneration cycle. Thus, the pAHA-cellulose adsorbent can be recycled almost without any obvious loss in the adsorption capacity, demonstrating a benign renewable adsorbent. This journal is © The Royal Society of Chemistry 2017
